We provide systematic analysis of the differential cross section of the proton-3 He elastic scattering at θ cm = 180 • . It is shown that at energy from 0.2 to 1 GeV the mechanism, where momentum between the incoming and outgoing protons is transfered by rescattering of virtual pion on virtual deuteron, is the most important. Some predictions of this model for the differential cross section and the polarization correlation C yy are discussed.
Introduction
For several decades considerable efforts have been done to investigate structure of the lightest nuclei (the deuteron, 3 He, 4 He) at short distances between the constituent nucleons. Significant progress was achieved both in theory and experiment, first of all because high quality data on spin-dependent observables were obtained with both hadronic [1, 2] and electromagnetic probes [3] . Large part of these investigations consists of study of elastic backward (in the center of mass) proton -nucleus scattering (EBS). This process involves large momentum transfer |t| and therefore a belief exists that EBS can provide an access to the high momentum components of the wave function of the lightest nuclei.
The most detailed study of EBS was done for the deuteron where energy dependence of the differential cross section at θ cm = 180
• , the tensor analyzing power and the polarization transfer coefficient were measured (see [2] and Refs. therein). It became obvious that at present there is no theoretical model which quantitatively describe the existing data.
The elastic backward p( 3 He, p) 3 He scattering is studied in much less detail: only small amount of data points exist for the differential cross section at θ cm = 180
• and no data exist for spin-dependent observables. But presently, high intensity beams of polarized protons and polarized 3 He targets offer an opportunity to perform as detailed studies of the elastic backward p( 3 He, p) 3 He scattering with spin dependent observables, as were already done for the deuteron case. On the other hand, this demands careful theoretical study of the p( 3 He, p) 3 He reaction mechanism. First of all it is necessary to find an adequate connection of this reaction with the structure of the 3N system and get quantitative estimations for sensitivities of its cross section and spin-dependent observables to the existing wave functions of 3 He.
The one-deuteron-exchange (ODE) of Fig. 1a shows that such connection exists. Still, it is obvious that at T p > 200 MeV this mechanism fails to reproduce detailed structure of existing data in both the nonrelativistic [4] and relativistic [5] approaches. Among other important mechanisms the so-called direct mechanism (DIR) of Fig. 1b may also play important role in this reaction, as it was pointed in Refs. [6, 7] .
Nevertheless ODE+DIR also cannot reproduce the "shoulder" in the measured energy dependence of the elastic differential cross section at θ cm = 180
• near T p ∼500 MeV [8] . Note that similar situation takes place in the backward pd scattering 1 . Some authors try to connect this shoulder in the pd and p 3 He scattering with pion exchange [7, [10] [11] [12] [13] [14] . Fig. 1c demonstrates this mechanism for the case of p 3 He scattering (later on it will be abbreviated as PI). PI includes pd → π 3 He as a subprocess, which has rather sharp resonance structure at energy kinematically close to the observed shoulder.
Calculations of the PI amplitude need care. Indeed the intermediate pion can be created by many ways, the most important of which are illustrated by diagrams of Fig. 1c1-c3 . For example, it may come from the deuteron of 3 He (see diagram (c1) of Fig. 1 ). It is clear that such pion exchange contributes to the 3 He wave function and this diagram should be contained in the 2N exchange. The diagram (c2) is already contained in DIR. So in our further calculations we take only diagram (c3) for the PI mechanism, where momentum between the incoming and outgoing protons is transfered by the backward pion elastic scattering on the intermediate deuteron. The differential cross section of this subprocess has a sharp resonance structure at energy near 200 MeV [15] . Similar mechanism for the backward pd scattering was discussed in [13, 16] .
Parity and time-reversal invariance leave only 8 independent complex amplitudes for the elastic scattering of two spin- 1 2 particles. At θ cm = 180
• five of them vanish and they are reduced to
M m is amplitude with M, m and M ′ , m ′ magnetic quantum numbers of 3 He and the proton in initial and final states, respectively. We assume the normalization when the differential cross section is given by
where s is the total c.m. energy squared and the factor 1 4 comes from the average over initial spin states.
Corresponding to the three non-vanishing amplitudes there are 2×3−1 = 5 independent observables: the differential cross section (2) and 4 spin-dependent observables. Among the last ones we will consider in this paper only polarization correlation
The ingredients necessary for calculation of the amplitudes A, F and G are considered in the next section.
3 Derivation of reaction amplitude
3 He wave function
The virtual 3 He → d + p decay amplitude reads
Here and later on we use the following notations: m p , m d and m τ are masses, p, p d and P are momenta and m, σ, M are magnetic quantum numbers of the proton, the deuteron and 3 He, respectively; k = 2 3 P − p d is the relative momentum between the proton and the deuteron in 3 He; ε µ (σ) is the polarization vector of the deuteron, u m (p) and U M (P ) are spinors for the proton and 3 He; ψ σm M ( k) is the overlap between the 3 He and p + d wave functions, i.e. it is a wave function for the relative motion of the proton and the deuteron inside 3 He. It has the following form
The quantity
has meaning of the deuteron momentum distribution in 3 He and
is the effective number of deuterons in 3 He.
ODE approximation
In the nonrelativistic limit and at θ cm = 180
• the corresponding amplitudes A ODE , F ODE and G ODE of (1) read
where
and ε is the binding energy.
To take into account relativistic effects we use dynamics in infinite momentum frame (IMF). This can be done easily by repeating arguments of Ref. [9] , which finally are reduced to the two prescriptions:
• substitute new argument in the wave functions
• change the factor t 0 → 2(2π)
In these prescriptions the relativistic internal momentum, k IMF , the invariant mass of virtual d+p pair, M dp , and other variables are expressed in terms of the c.m. momentum and energies of colliding particles, p * , E * p and E * τ , respectively, as follows:
where α = E * p +p * E * τ +p * is the fraction of the incoming 3 He momentum carried by the outgoing proton in IMF.
Direct mechanism in optimal approximation
Importance of DIR in the elastic backward proton-nucleus scattering was emphasized in [6] , where an approximation which minimizes the binding energy and recoil corrections was derived. The approximate amplitudes of Fig. 1b are factorized into the 3 He body form factor, F (q 2 ), and the on-shell proton-proton amplitude at the effective energy, f pp (E eff , θ), where E eff corresponds to such total energy in the Breit frame as if the struck proton takes all the momentum of 3 He [6] . If one neglects spin structure of the pp-scattering (which seems to be a good approximation for the reaction at θ cm = 180
• ) the DIR amplitudes read:
The form factor is given by
In our calculations, because of the identity of the protons, we use the standard parameterization of the pp scattering amplitude f pp = p * 4π
bu , where ρ pp is the ratio of the real to imaginary part of the scattering amplitude, σ tot pp is the total cross section and b is the slope parameter of the elastic pp-scattering.
High momentum transfer by intermediate pion
The matrix element corresponding to the diagram (c3) of Fig. 1 reads:
, where A σσ ′ is an amplitude of the subprocess π 0 d → π 0 d, µ is the pion mass, F π (q 2 ) and f πN N are the form factor and coupling constant of the πNN vertex. The spinors are normalized as u m (p)u m ′ (p) = δ mm ′ , etc. Integrating over the deuteron energies one gets
where χ m(m ′ ) and χm (m ′ ) are Pauli spinors for the protons,
To simplify loop integration we take out of the integral the amplitude A σσ ′ and the form factors F 2 π (q 2 ) at point where the deuteron carries 2 3 of the 3 He momentum. To take into account Fermi motion of the deuteron in 3 He, these factors were averaged over Gaussian distribution with p 2 d 1/2 =50 MeV/c. The latter value was taken from the calculated deuteron momentum distribution in 3 He. Finally one gets:
Now there are two independent three-dimensional integrals and the integration over angles can be done analytically in the nonrelativistic limit.
Numerical calculations, comparison with experiment and predictions
In the present calculations, the p + d relative wave functions inside 3 He, u(k) and w(k) in Eq. (6), are projected out from the 3 He wave function obtained by the Faddeev calculation [17] with Argonne V18 potential [18] . These are parameterized by the sum of Gaussians,
The parameters are summarized in Table 1 . The standard parameterization of the form factor
2 ) with Λ = 1300 MeV and f 2 πN N /4π = 0.08 [19] was used. Amplitudes A σσ ′ are taken from the partial wave analysis by Virginia group [20] .
Results of the calculations are compared with experimental data for the differential cross section on Fig. 2 . To demonstrate, up to which extent the reaction is sensitive to the potential model, we also provide calculations with the wave function with Urbana potential [24] . One sees that (qualitatively) Urbana potential gives similar result, but it is systematically higher (with factor 1.5-2.5) in comparison with the result with Argonne potential. It also overestimates the experimental data.
Predictions for the polarization correlation C yy are displayed in Fig. 3 .
Figs. 2 and 3 demonstrate that at T p ≈ 200 MeV the cross section and the spindependent observables should have sharp structure which comes from the interference of two mechanisms, ODE and PI.
Conclusions
The main results of this work can be summarized as follows:
• There are three kinematical regions where different mechanisms determine the proton-3 He backward elastic scattering: up to T p ∼ 200 MeV ODE dominates; between 200 < T p < 1000 GeV the reaction is dominated by PI and at higher energies the dominating mechanism is DIR. The same must be true also for other backward scattering reactions with the lightest nuclei at intermediate energy.
• The results obtained here give a qualitative confirmation that intermediate πd → dπ resonance scattering is responsible for the enhancement observed in the differential cross section at 0.4 < T p < 0.8 GeV.
• All the mechanisms, ODE, DIR and PI, are deeply connected with the 3 He structure. Elastic backward scattering of the proton on 3 He can be used as a source of information about the 3 He structure at short distances.
• The model predicts a structure in energy dependence of the differential cross section and spin-dependent observables near T p ≈200 MeV, which comes from the interference between ODE and PI mechanisms. , "down" triangle - [21] , "up" triangle - [22] and circle - [23] . Data [21] [22] [23] were extrapolated to θ cm = 180 • by us. Fig. 3 . Predictions of the model for the polarization correlation C yy . The lines are the same as at Fig. 2 .
